Ossification of the posterior longitudinal ligament (OPLL) can cause severe and irreversible paralysis in not only the cervical spine but also the thoracolumbar spine. To date, however, the prevalence and distribution of OPLL in the whole spine has not been precisely evaluated in patients with cervical OPLL. Therefore, we conducted a multi-center study to comprehensively evaluate the prevalence and distribution of OPLL using multi-detector computed tomography (CT) images in the whole spine and to analyze what factors predict the presence of ossified lesions in the thoracolumbar spine in patients who were diagnosed with cervical OPLL by plain X-ray. Three hundred and twenty-two patients with a diagnosis of cervical OPLL underwent CT imaging of the whole spine. The sum of the levels in which OPLL was present in the whole spine was defined as the OP-index and used to evaluate the extent of ossification. The distribution of OPLL in the whole spine was compared between male and female subjects. In addition, a multiple regression model was used to ascertain related factors that affected the OP-index. Among patients with cervical OPLL, women tended to have more ossified lesions in the thoracolumbar spine than did men. A multiple regression model revealed that the OP-index was significantly correlated with the cervical OP-index, sex (female), and body mass index. Furthermore, the prevalence of thoracolumbar OPLL in patients with a cervical OP-index 10 was 7.8 times greater than that in patients with a cervical OP-index 5. The results of this study reveal that the extent of OPLL in the whole spine is significantly associated with the extent of cervical OPLL, female sex, and obesity.
Introduction
Since first being documented in 1838 [1] , ossification of the posterior longitudinal ligament (OPLL) has been recognized as a heterotopic bone formation in the posterior longitudinal ligament of the spine. Although OPLL is considered a rare disease in Western countries [2] , it is a major disorder in Asia and often causes severe myelopathy or spinal cord injury. The prevalence of OPLL in Japanese populations has been reported to range from 1.9% to 4.3% [3] , compared with only 0.1% to 1.3% in the United States [4] [5] [6] . Therefore, close attention has been paid to genetic factors that might be associated with the development of OPLL, such as mutations, single-nucleotide polymorphisms, and haplotypes [7] [8] [9] [10] [11] [12] [13] .
Various studies have documented the incidence of cervical OPLL. However, it is difficult to precisely evaluate OPLL in the thoracic spine on plain radiographs, especially at the upper and middle levels, because the shoulders obscure the findings of the upper thoracic spine. Recently, increased use of multi-detector computed tomography (CT) has contributed to recognition of a higher prevalence of ossified lesions than has been found by the previous method using plain X-rays [14] . A previous single-institution CT study demonstrated that patients with cervical OPLL had a high incidence of OPLL in the thoracolumbar spine [9] . It has been well documented that prognosis and surgical outcomes are worse in patients with multiple-regional OPLL than in patients with cervical lesions alone [15] . Because thoracolumbar OPLL often coexists with cervical OPLL and sometimes causes severe and irreversible paralysis [16] , it is clinically important to recognize thoracolumbar OPLL and clarify the factors associated with the extent of OPLL in the whole spine.
Although a single-institution CT study has reported the prevalence of ossified lesions in patients with cervical OPLL [9] , we conducted the present multicenter CT study with the aim of not only evaluating the prevalence of OPLL in the whole spine among patients with cervical OPLL in order to strengthen the evidence, but also using a multiple regression model to investigate the factors that correlate with the presence and distribution of ossified lesions in the whole spine.
Materials and Methods

Patients and methods
Prior to enrollment in this study, patients at each participating institution provided written informed consent, and the study was approved by the institutional review board of the University of Toyama. We undertook this study to utilize data from the Japanese Multicenter Research Organization for Ossification of the Spinal Ligament instituted by Japanese Ministry of Health, Labour and Welfare. This study included patients with OPLL in the cervical spine diagnosed based on findings of plain neck radiographs who had symptoms such as neck pain, numbness in the upper or lower extremities, clumsiness, or gait disturbance. Each patient underwent CT imaging of the whole spine at one of the 20 institutions to which the members of the research group belonged. Patients who had undergone anterior decompression surgery for the treatment of OPLL or who were younger than 15 years old were excluded. A total of 322 cases were collected, including 242 men and 80 women, all Japanese Asian, with an average age of 64.6 years (range, 30-93 years).
Evaluations
Age, sex, presence of diabetes, and body mass index (BMI) were collected as basic clinical data (S1 Table) . CT images of the whole spine, including the cervical, thoracic, and lumbosacral spine from the occipital bone to the sacrum, were obtained in each patient. The incidence of OPLL in the cervical spine from the clivus to C7 and in other spinal regions from T1 to S1 was evaluated on mid-sagittal CT images. Image analysis was independently performed by five senior spine surgeons (T.H., K.T., K.M., A.I., and T.Y.). To quantify hyperostosis of the posterior longitudinal ligament, the distribution of OPLL at each vertebral body and intervertebral disc level was recorded, and the number of levels at which OPLL was present was defined as the ossification index (OP-index), as described previously [9] . The number of ossified lesions in the cervical spine was defined as the cervical OP-index. Patients were categorized into three groups according to the cervical OP-index: Grade 1, cervical OP-index 5; Grade 2, cervical OP-index 6-9; and Grade 3, cervical OP-index 10 (cervical OP-index classification). In addition to the OP-index, the sum of the intervertebral segments showing ossification of the anterior longitudinal ligament (OALL; cervical OA-index) was noted (S1 Table) . The cervical OPindex classification and two indexes are shown in Fig 1. Prior to image review, all testers read images from the same 20 patients to check interobserver agreement. The average Kappa coefficient of inter-observer agreement was 0.76 (95% confidence interval [CI] = 0.71-0.81). Kappa values 0.00-0.20 were considered to indicate slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; and 0.811.00, almost perfect agreement [17] . Therefore, this finding indicates substantial agreement and consistency with the results of the previous study [9] . We also evaluated the degree of OPLL occupying the cervical spinal canal, with classification of the canal narrowing ratio (CNR) [18] at the most compressed segment defined as follows: Grade 1, 0% < CNR 25%; Grade 2, 25% < CNR 50%; Grade 3, 50% < CNR 75%; and Grade 4, CNR > 75%. First, we compared male and female populations in terms of the physical and radiologic data. We next evaluated the usefulness of the cervical OP-index classification for predicting the presence of OPLL in the thoracolumbar spine. Finally, we used a multiple regression model to investigate the factors associated with the OP-index in all patients.
Statistical analysis
Student's unpaired t test was used to analyze differences in age, BMI, cervical OA-and OPindexes, and OP-index of the whole spine between male and female participants. The χ 2 test was used to analyze differences in sex and the presence of diabetes. Tukey's post hoc test was applied to compare the three cervical OP-index classification groups. A logistic regression model was conducted to investigate whether cervical OP-index classification predicted the presence of OPLL in the thoracolumbar spine and the incidence of patients with an OPindex 20. Additionally, to identify factors that significantly influence the OP-index, predictive factor analysis was performed by multiple regression analysis with a forward stepwise procedure using SPSS 22.0 for Windows (SPSS Institute, Chicago, IL). All data are expressed as means ± standard deviation (SD). A p value less than 0.05 was considered to indicate a statistically significant difference.
Results
Prevalence of OPLL in the thoracolumbar spine in patients with cervical OPLL
One hundred eighty-one patients (56.2%) had OPLL in multiple spinal regions. We compared patients who had OPLL only in the cervical spine with those who had OPLL in multiple regions (Table 1) . No significant differences were found in terms of age, comorbidity of diabetes, BMI, or distribution of CNR categories. However, more women than men had coexisting OPLL in the thoracolumbar spine. The cervical OP-index, OA-index, and total OP-index were significantly greater in patients with OPLL in multiple spinal regions than in those with OPLL in the cervical spine alone (Table 1) .
Difference in the distribution of ossified lesions between male and female subjects
Demographic data are shown in Table 2 . Age, comorbidity of diabetes, BMI, distribution of CNR categories, and the cervical OP-index were similar between male and female participants. The percentage of patients who had OPLL in the thoracolumbar spine was significantly greater among women than among men. The average cervical OA-index was significantly higher in men than in women; interestingly, however, the OP-index of the whole spine was significantly greater in women.
The distribution of ossified lesions in the whole spine is shown in Fig 2A. Overall, female patients were more likely than male patients to have OPLL broadly from the cervical to the lumbar spine. Ossified lesions at the vertebral level of the middle cervical spine were confirmed frequently, regardless of sex. The highest peak of OPLL incidence along the thoracic spine was found at the intervertebral segment of T3/4 in female but not male patients. Similarly to the thoracic spine, ossified lesions of the lumbar spine likely exist at intervertebral rather than vertebral levels.
We next compared histograms of the OP-index of the whole spine for male and female patients (Fig 2B) . A flat waveform from a low to high OP-index could be observed in female patients, whereas a single peak was found in male patients. The proportion of patients with a high OP-index ( 20) was significantly higher among women (20%) than among men (4.5%).
We also investigated the associations between the OP-index of the whole spine and either the cervical OP-index or the cervical OA-index. In male patients, the OP-index correlated significantly with both the cervical OP-index and cervical OA-index (Fig 3A and 3B) . In female patients, however, only the OP-index was significantly associated with the cervical OP-index (Fig 3A and 3B) .
The cervical OP-index classification for prediction of the presence of OPLL in the thoracolumbar spine
We categorized patients into three grades according to the cervical OP-index (Table 3 ). The mean OP-index of the thoracic and lumbar spine was 1.93 for Grade 1, 3.93 for Grade 2, and 7.37 for Grade 3 (p < 0.001), indicating that there were significant differences in the number of ossified lesions in the thoracolumbar spine among the three cervical OP-index grades (Fig 4) . We found that the number of levels with OPLL and the incidence of OPLL in spinal regions other than the cervical spine increased with increasing grade (Table 3) . A logistic regression model showed significant correlation between the cervical OP-index grade and the incidence of OPLL in the thoracolumbar spine (hazard ratio 2.795, 95% CI = 1.946-4.015, p < 0.001; Table 4 ), indicating that the prevalence of thoracolumbar OPLL in patients with a cervical OPindex 10 was 7.8-fold that in patients with a cervical OP-index 5. We also found that the grading system could predict the incidence of patients with an OP-index 20 (hazard ratio 6.360, 95% CI = 3.352-12.070, p < 0.001; Table 4 ). Table 5 ).
Discussion
Epidemiological studies have shown that genetic background is a contributory factor in OPLL [8, 19] . The current study revealed that 56.2% of patients with cervical OPLL had coexisting ossified lesions in the thoracolumbar spine. The incidence of OPLL in the thoracolumbar spine is much higher in this group compared with the general population [14] . This finding suggests that patients with cervical OPLL generally have a predisposition to hyperostosis in the posterior longitudinal ligament in the whole spine. It is known that cervical OPLL has a male predominance of 2:1 to 3:1 [20] . On the other hand, thoracic OPLL has a female predominance of approximately 3:1 [14] . Our current study showed that patients with a high OP-index of the whole spine were predominantly women. This finding is consistent with evidence that female patients tend to have OPLL in the thoracic spine-the area of the spine in which the number of vertebral and intervertebral levels is greatest-and indicates that hormonal factors could affect the development of OPLL in the whole spine. Although the details of why patients with multiple ossified lesions are predominantly female remain unclear, several studies have suggested possible mechanisms linking sex and hyperostosis [9, [21] [22] [23] . Serum estrogen level has been shown to correlate with the onset and extension of ossified lesions, and estrogen is thought to stimulate osteoblast-like cells with the aid of trophic factors [9, 21, 22] . A TGF-beta 1 polymorphism has been found to be partially related to the area of ossified lesions via stimulation of estrogen [23] . Ikeda et al. showed that serum leptin and insulin concentrations were significantly increased in female patients with OPLL, and serum leptin level correlated positively with not only the number of vertebral levels with OPLL, but also the extension of ossified lesions in the thoracic and/or lumbar spine [24] . These metabolism-related factors could affect the onset and development of OPLL in the whole spine as well as the difference in the prevalence of OPLL between men and women. OALL has not been widely discussed in terms of etiology or association with OPLL. Since Resnick et al. [25] coined the term "diffuse idiopathic skeletal hyperostosis" (DISH) for Forestier's disease and recognized ossification of spinal ligaments as a subset of this entity, several reports have shown that the coexistence of OPLL and DISH is relatively common. Although both anterior and posterior longitudinal ligaments run longitudinally along the vertebral body from the cervical spine to the sacrum, the pathogenesis of these states remains unclear. A recent multicenter study [26] demonstrated that OPLL detected on radiographs was significantly associated with the presence of DISH in the Japanese population in men but not in women. Similarly, the current study revealed that the cervical OA-index was significantly related to the OP-index of the whole spine only in male patients. Thus, we speculate that the mechanism of onset and development of ossified lesions in ALL or PLL could differ between men and women. A previous study [27] investigated the distribution and localization of cervical and thoracic OPLL using plain X-rays; however, it is often difficult to perform a detailed evaluation of thoracic OPLL using this method. Ossification in the thoracic spine occasionally has a critical influence on the spinal cord and leads to severe myelopathy [28] ; hence, more precise evaluation of not only cervical lesions but also thoracolumbar lesions should be performed for patients with OPLL. Fujimori et al. reported that the prevalence of thoracic OPLL was 0.7% among 1500 Japanese patients who underwent positron emission tomography and computed tomography, and more than half of the patients with thoracic OPLL also had cervical OPLL [29] . Therefore, it is reasonable to identify unrecognized thoracolumbar lesions, which are undetectable on screening radiographs, in patients with cervical OPLL using multi-detector CT. Previously, Kawaguchi et al. investigated the distribution of OPLL using multi-detector CT in patients with cervical OPLL. This single-institutional study demonstrated that patients with cervical OPLL also had a high incidence of OPLL in the thoracolumbar spine [9] . To increase the generalizability of this finding and strengthen the evidence, we conducted a multicenter study with a wider population base covering various geographic locations. In addition, we extensively analyzed CT data with a large sample size to identify potential prognostic factors for the presence of severe ossified lesions in the whole spine of patients with OPLL in the cervical spine. The results of the multiple regression analysis revealed that the number of ossified lesions in the whole spine was significantly correlated with female sex, obesity, and the number of cervical ossified lesions. Notably, because there was a strong correlation between the number of cervical ossified lesions and the OP-index of the whole spine, we defined a new cervical OP classification and found that the incidence of severe OPLL (OP-index of 20) was 1.2% in Grade 1, 6.3% in Grade 2, and 32.6% in Grade 3 (Table 3 ). In addition, logistic regression analysis revealed a significant correlation between the grading and the incidence of multiple ossified lesions in the whole spine. We therefore recommend that patients with a high cervical OPindex (ie, Grade 3), especially those who are obese and female, should consider undergoing CT examination of the whole spine to determine whether ossified lesions are present in other spinal regions.
The current study is the largest multi-institutional investigation reviewing CT images in the whole spine of patients with cervical OPLL, in which data are reliable with substantial interobserver agreement. Nevertheless, this study has several limitations. It is based on CT examination of patients with cervical OPLL and is not a population-based study. We did not examine the relationship between clinical symptoms and OPLL lesions. Furthermore, we did not evaluate the OPLL thickness at the thoracolumbar spine, which is often associated with OPLL severity. We must also consider the potential risk of radiation by CT scanning. Most participants in this study underwent CT as a preoperative examination to determine the vertebral level at which the surgical procedure should be performed. Despite these limitations, this study produced important epidemiological data regarding patients with cervical OPLL, which is beneficial for the management of patients with OPLL.
Conclusion
The incidence of thoracolumbar OPLL was as high as 56.2% in patients with cervical OPLL. The prevalence of thoracolumbar OPLL in these patients increased with the number of levels at which OPLL was present in the cervical spine. Multiple regression analysis revealed that the extent of OPLL in the whole spine was significantly associated with the cervical OP-index, female sex, and obesity.
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